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Abstract 

I’hc spectra and the basic properties of the onia and the hybrids of the exotic colored 

crmions, which occur in mmc of the composite models and certain tbmreticnl models, 

restudied sytcmaticslly, based on the QCD and bag model considerations. 
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I. Introduction 

Leptonr and quarks ue in color singlets and triplets respectively. However, certain 

exotic colored icrmionr which arc in d&rent color multiplcts arc predicted by certain 

theaetical models. For example, color octet glunios (5) by SUSY QCD I’-$1, some 

scxtct and/or octet colored fermionn by wxae letionic compoGtc models (‘-q. Even 

in the tcchnicolor and extended te&nicolor model I’-“), exotic colored fcrmions may 

occur too, provided that the k&color forw is of that to make technic&r singlet 

needs odd technifermionr, e.g., the technic&r is of SU(N) with odd N. 

In fact, Ict us consider a fcnnionic mcdcl, involving o,ne more nonabelian gauge 

interaction besides the color among the fundamental famiow, and let the “extra” 

interaction is stronger than that of the color( being a nonabclian interaction, the 

‘extra” interaction will have asymptotic free and conlincment nature), then owing to 

the confinement, cctie.in kinds of composjtc particles of the strong garage interaction, 

or say bound 6tat.z~ , will be formed in the model. They are in ringlet of the strong 

interaction s required by canfincment, but may be in various color multiplcts even 

though the fundamental fcrmions are in color triplets only. Therefore the exotic 

colored lamions happen to ame into e. model is LL frequent consequence ,espe&.lly, 

for those kinds of models, in which one more strong interaction is involved. Fkcently, 

quite a lot of literat- spotlight on the various consequences of the exotic colored 

fcrmionr (1’-1.1, that in some w6e also implies the exotic colored f&on ida is 

becoming popular. 

In composite models, in order to protect the usual campositc fermians (leptonr 

and quarks) from obtaining masses in the magnitude order of the strong interaction. 

es WCU as, in the kchimlor and extended technicolor model, in order to generate 

some of the wanted goldstono through certain symmetry breaking patkm, most 

of these mod& bear rome global symmetries, which will not only do something on 

the usual fermions (quarks and leptons), but also on the exotic colored fermionr, 

e.g., in some composite models, the exotic colored fermions occur in certain solutions 

of the anomaly match conditions l’6-‘6l, h encc, if those kinds of solutions will be 

chosen, the exotic colored fermions may not be very heavy. Comparing them with 

the composite energy scale, they are considered being massless. On the other band, 

there LLT~ some arguments (“-‘*I, that if these kinds of models come into reality, 

i.e., the exotic colored fermioiado exist, then based on some consideration about 
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dynamical symmetry breaking, the exotic fermions cannot be as light as quarks and 

lcptonr either. They should have mosses in the nngnitude order of a few hundreds 

CeV to TeV. This argument is not dependent on spcciJic concerned models very much, 

but asentidiy oo the color behavior of the exotic fur&n themselvcr (we will explain 

it briefly in the next section). Having a mess of a few hundreds GcV to TeV, the 

exotic colored fanions are accasible in near-future experiments, 

If the exotic color fermion redly exists, to explore the properties and the roles of 

their bound states would become a very iot-ting topic. 

Ln this paper, we would focus OUT discussions on the spectra, the possible decays 

and same basic properties, for the onia and the hybrids, because they u-e compara- 

tivcly e&cr to deal with and more important. We would rather discuss Dirac exotic 

fermions thao Majorsna ones later on, because they appear in many models and there 

have been come discussions on gluino (Majorann) dready.[~l Not losing generdity, 

we will also restrict ours&cc to dircuss two kinds of the hypothetical exotic fermions 

S and 0 in color sextet and octet respectively. t 

Using the potential framework to analyze the a& and hybrids of heavy quarks is 

quite rucceasfd [mo-‘el. Thus, for the preliminary discussions, we work in the potcn- 

tid framework, and, based on the perturbative QCD and bag model considerations, 

generalize the poturtids from those for the quarks to those for the exotic colored 

fcrmionr 

We organize the paper ra follow, in the next section, we will briefly review the 

arguments on the masses of the exotic colored fen&m and work out the potent& 

bo a~ to cdculatc the spectrum of the &a and the hybrids. In section III, WC will 

d&us their decays and their b&c properties. Some condusioos and s summary will 

be made in the 1-t section on the onia and the hybrids of the exotic fcrmions. 

‘In G.c~.tbcrc h 00 d&e dorcd odd and dnglct quark. the octet ODC must bc a leptoan and 
tllc ZUtrt a quark. 
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II. Spectroscopy 

A. The masses of the exotic colored fermions. 

L the introductioo we pointed out that the masses of the exotic colored fermionr will 

probably be in a magnitude order of e. few hundxds GeV to TcV, and it is csscntially 

dependent on the color behavior of the exotic fermions. Now, we b&fly retell the key 

points here, which can be found in refs. [17,18]. 

Because we M interested only in those fcnnions which are accessible, in othu 

words they M protected by some symmetry from obtaining a mu,s in the magnitude 

order of the confinement energy scale AH of the strong gauge interaction, WC will start 

the story with massless exoticcolored fcrmions. Therefore, let us 6ec how the marsless 

exotic ~&red fermions acqtirr mars- by certain spontaneous symmetry brcaling. 

It is a conscq&nce of the following two points. One is that b&w tht confinement 

energy scale AH of a fundamentd gauge interaction, the effective interactions among 

the composite fctions might be daaibcd by (in effective Lagrag& 

L,, - 9’lJG (w4 + !Jr&w) I 

wbercg is the coupling constant of the fundamental gauge interaction, $ the compm- 

ite field operator, and ri certain combinations of the Dirac 7-m&&s. The second 

point is of the nonperturbative &cts of QCD, i.e.. the composite fcrmions condense 

< +$ ># 0. These two points cowork; the first term of eq. (1) will turn out to be 

the -6 term: 

s’/Jc&hw) - 9=/A% < $4 > 4 - “$4 

m - 9’/GJ < 44 > (2) 

Marc&o [‘q first conjectured that to form condensates is dependent on the reprexn- 

tation of the alor of the fermions. and the conjecture baF been proved later by Kogut 

ct d. ~‘1 with the Mont Carlocdculations on the lattice gauge model. They presented 

the criterion for forming condensate of w&s ferrnions due to C&X interaction : 

C,a. - cast. (0.5 - 0.6) (3) 
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Here, 12, is the second order Cashier operator of color, lrnd Q, is the running coupling 

comtmt of QCD. The eigenvduc of C, is varying from one wtor muttiplet to another, 

far inStanCe: 

I 0 singlet 

c, = 
I 

413 triplet 

1013 sate2 
(4) 

and a. runs with the cucrgy scale changing in logarithm. Thcrcforc, for tious 

mdtiplcta to satisfy the criterion e.g. (3). C, changes a little, the OI, tm, but the 

condensate energy acde would chmgC greatly. In @nCd, for condcnsatc wc have 

<&>-A: , (5) 

here A, is the energy scale of the condensate, thus the fermions acquire masses in the 

order of #.%:/A; 

m-g=fA; -C.&J >-g=lz:/a:, (6) 

According to the titer+ cq (3). t i IS easy to estimate A, of triplet and ~xtct 

and/or octet etc. Bccausc this kind of mass6cb for the usual quarks is about 300 MeV, 

M a direct inference, for sextet or octet the colored fermion masses should be about 

a few hundreds GeV r0 TcV, depending on how many fermians and how heavy their 

~msscs, or in other words to say whur they begin to play roles in a, ting.” 

Being gencrd and typical aotigh, let us consider S and 0 i.e., the two kinds of the 

hypothetical exotic colored f&ions in a sextet and an octet of color rcprucntationr 

and their masses in the region of a few hundreds GeV. 

B. The observable states (color singlet) of the exotic colored 

fermions S and 0 

Keferred to the usual quark cases, we may divide the color singlet bound stat- 

,involving S and 0, into the fouowing categories: 

Onia : ss,oo, 

3tt d,ould Lx nota, that her< WC UC concerning the col~tilucnl mdiuc~ ill son,c YrLx, and ign0.c 

II< gcrlcration mixing prdcm at all. 

Hybrids : SSg Og ,009 

“Open” Exotic Hadrans : S+i , Oqq 

SW #sqqq I Qw ,OPW.” 

soq ,soq ,sopq... (7) 

Of them, the onia and hybrids are comparatively simple for deding with. WC, 

thcrcfore, highlight on the &a and the hybrids in this moment. Eapccidty tbc otin 

arc the easiest enc.. Based on the knowledge of the quarkqnia, it is reuonnbtc to 

believe the nonrdativistic potential Gamcwork is suitable, and as the qunrkunium 

cues, the behavior of the potentials at rhort distances will be determined by the 

pcrturbativc QCD precisely. The -6 for hybrids uc complicated D little, but the 

Born~ppcnhcimer approximation seems to work well owing to the exotic fcrmions 

arc certainly heavier than that of a real gluon, and the behavior of the exotic fermion 

intcmctiou tit short distances should dso be determined by the perturb&w QCD. 

C. Potential and spectroscopy ~(Onia) 

For quarkumium cases, the potential is obtained based on the following three consid- 

erations. 

1. At tong distances, it grows linearly leading to confincmcnt~ 

2. At short dirtanccs, it approaches what the twc-loop perturb&x QCD cdcda- 

tion predicts. 

3. It turns out the correct spectra of the discovered quark&n (cr) and (a). 

In order to satisfy these three points, there arc several versions of the potential 

(for quarkonia) dreadyf”-‘*l. In thi s paper, we would start with one of them giVCn 

by Igi and Ono[2el (LS foUaws: 

V(r) = Vu(+) +or 

16r 1 
“-4~) = --ij-qipj ( 

1 + 2-r;;): _ 46;;;;;;))) 

f(r) = In [l/(A;ii;r)’ + b] (8: 
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and ttw paramctcrr 

A~ = ~OOMCV, a = 0.1414CcV’, b = 19.0, 

where 7~ is the Euler’s constant. The first term of V(Y), V&r) indudn the total 

short dirtance behavior, which is determined by QCD two-loop calculation, the second 

term of V(r), ar presents the long distance bcbavior of confinemer~t. 

For the exotic fat&& we should obviously stand on the same foot w the quarks- 

aia to compute the potcntid but the fcrmions M in diflcrcnt color mdtiplcts should 

be concerned. Thcrcforc, if thcrc is no new dynamics at such short distcnczs w&b 

have never bea touched by heavy qusrkonia, corresponding to cq.(g), the part V, 

of the potential should &engc into 

a.(3 . fi) 
“M(d = r , 

( 

Sk) 
4r) = & 1++55 

1 
s 

2 
6, = ,1-s”, , 

4 = ; (C@))‘- $C,(G)n, - ‘G(R)n,, 

c = $+,(~)-~n,)+2t,, (9) 

where f,,‘?z arc the color operators of the exotic ftion and (e.nti)fcrmion rapcc- 

tidy. In fact, from SU(3) gmup theory, we lmow 

the cigcnvdUc of (FI -Fx) is dependent on the representations of the fermion, (nnti)fetion 

and the system i.e. Cz(1),Cz(2) and Cz(1.2). So if the system is in a color singlet 

and C,(l) .= C,(2) i.e. , the CILSC of onia, then 

(E i’,) = -G(l) = -C*(Z) , (11) 

that means between the exotic fermion and the antiferrnion there is D stronger nt- 

tractive interaction than that between quark and antiquark as (?, Fz) = -i for 
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a a 
qurkonia,(Tl.T2) _ -3 for (06) 

.A 
and (r .i ) 

1 d z 
- - 10/3 for (SS) 

will “se the foot indices such es c, _ and ‘,o etc 1 
. Later 0” Ye 

. to note the dimension of the 
color representation. 

With respect t” a=. the long distant part of V(r), being short of methods to 

dealing with the nonperturbative effects of 9CD, we do not know much about it 
we consider the follawing wo cases. 

(1) color dependent confining potential (CDCP) 

v(r) - V*,(r) + = (qQ/(-4/3) r 

(ii) universal confining potential (“CP) 

V(r) - V*,(r) + a= 

we P”ht 0°C here that because of the exotic fermions being heavy enaug,, the 

sho=t distance bebaviour of the potential becomes crucial na,r+, the low lying 

e”e=W levels are not dependent o” this assuwtfion very much, and for mo,.e 

derail study on this assumption See ~hosh et al [ZSI 

Not knwin8 the exotic fermion masses exactly and in order to have piccures 

on the epectre of the onta and the hybrids , we will take some typic01 values such 
as 50 Gev, 200 GeV and 1 TeV es examples to dlecuse in this paper. By using the 

POtentidS given above. the energy levels of 06 and Ss are canputed out (table I). 

The potentials of (Ss), and (00); are compared with that of quarkanium in 
Fig.1. The formers are much striper than the latter due to the colqr factors, so that 

WC heve much larger energy level splitting for (00) r and (SS), than those for(QQ)r.; 

TASLE 1 

Binding energy of the color singlet fermion-antifermion system (M(f?)-mf-mf) 

(GeV) computed using two kinds of potentisls; CDCP and “CP. 

(a) vJ&) 1 

Ho’50 Ge” 200 GeV 1000 G.2” 

COOP LICP COCP “CP CDCP OCP 

1s -7.303 -7.321 -16.579 -16.585 -49.17 -49.17 

1e -3.782 -3.829 -7.492 -7.507 -13.6, -19.63 

10 -2.662 -2.740 -4,988 -5.016 -11.93 -11.94 

2s -3.559 -3.619 -7.084 -7.104 -18.53 -18.54 

3s -2.349 -2.456 -4.632 -4.671 -11.06 -11.07 

4s -1.631 -1.785 -3.506 -3.567 -7.88 -7.90 
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(b) (s656i, 

I I 
EIs=50 0.2” 200 oe” 

COCP “CP COCP “CP 
1s -8.873 -8.857 -20.229 -20.235 

1P -4.538 -4.589 -9.066 -9.082 

10 -3.198 -3.284 -6.000 -6.031 

2s -4.278 -4.343 -8.570 -8.591 

3s -2.851 -2.970 -5.574 -5.616 

45 -2.020 -2.192 -4.218 -4.282 

1000 Ge” 

COCP “CP 

-60.351 -60.352 

-23.975 -23.978 

-14.513 -14.521 

-22.643 -22.648 

-13.444 -13.455 

-9.553 -9.570 

D. Potential and spectroscopy (hybrid) 

Next WC consider the staks which include one or two constitutent gluonr i.e. the 

hyh,ids. One might think that the spectra pf ((Od)!g): and ((Od)F’gg)t will not 

be much different from that of (Oa)- x r a e since the energy of a glum is much smdlcr t t 

than that of (00) system. However, the behaviou of the potential V(r) for (00) 

or (5s) system, is proportional to (Yi? !f2) and its eigemducs are different from 

each other for (Ob),,(SS),,(Od)L,(SS),,(OO),, (OO)pd(S.Qrr. In addition, 

for hybrids the intcractian between the exotic fermion and mtiftian is afTccted by 

the consitituent glum(s) 

The effective interaction between the exotic fermion aad Dntifermion S and .? ( 

or 0 and 0) CLLO bc computed in a specific model. We accept the bag model of 
Hasc&atz,Horgan, Kuti and Richard (IIHKR)[m~ and T. D. L&J”] as ou working 

framework 

Now we ax dealing with the non-Abcliu interaction of calor, the gluon uchmgc 

intcradion is dwaye to contribute a f&r %(?I. ?a) instead of an abelian charge 

for the Abdhn case, here g, ir the coupling constant of the color. Being a trick, 

we may introducx two types of Abelian ‘chqcs” I and Y duroted by e and g re 

spectively to deal with the factor (Fx fz;) for the rank 2 non-Abcliao algebra of 

the color. In the (SSg) systeqthc pair of (S,.?) must be in a color octet when 

the whole system is in a color singlet, then their charge c and g will be assigned 

in table 2. In table 2 besides (Ssg)L, the assignments of the charges e and g for 

((S-%w):, ((O@,&, ((O&g& ad ((O@:gdL are dm gi-. 
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Abdisn charges of type I denoted by e and those of type Y denoted by g for hybrid 

SSQ 

Porlicle S s 9 S s 9 F 

9 a -763+2 _ v 6 
2 -r J: 

Particle 
Cd0 

Ch+Z 

e 

9 

0 0 Q ii 

27 27 
i?----c r-- 8 

0 2& -2j4 0 

fi & -$ -$ 

0 -0 -fi 0 

fi 0 0 -fi 
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The Born-Oppcnhcimcr approximation is used to obtain the ellective potential 

between the exotic fermion and antilcrmioo. Now we take S and 3 as cxunple to 

consider the (S$): system. 

‘\Ve put S,C? and one of transverse ( constituent ) gluon into a spherical bag with 

radius R. In f=t, the sphcricd bag approljmation m&a the slope of the potential 

higher than that of the actual potential, thus, it would be desirable to u= a deformed 

bag. Howcvcr the cdculatioo with a deform.4 bag is very complicated. Here for the 

low lying states, which is deIormed from a spherical bag a little, WC think that to 

use the spherical bag approtimation is gcod enough. The constituent gtuon occupied 

a definite quantum number in the spherical bag i.e. statiopuy TE or TM mode. A 

straightforward calculation the potentid between S and .? in the (SSg); system is 

obtained (it is d&ercnt from that computed out in ref.[3] due to the various dgcnvdue 

of (fl ?,). 

for ((SS),,g); Here the r is the distance between S and 3, the lirst term comes 

Gorn the one gluon exchange, the Coulomb - like interaction. The second turn is 

the volume acrgy and the third term is the energy of the gluon without cnasidting 

the intcroction. WC cnmputc only the Iowat &on mode (TE), which cornsponds to 

LP = 2.744 

In the r.~une way we find the other cases of the potentials: 

2 (2;: .* 
y:;,(r) = 5: + +%; + 3 + * 

q 10 cl 
+ i? 3 41~1 - rl 1 I 

--(t-(&J’)) 

+ ; - 
t &-ql+(&)‘)) 

- ;+ (;)‘) 

for ((SS),,99):, 
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(13) 

V&+.) = $7 + +%I:, + $i 

+&g&Z i --2ln 1-G +---- ( 1 
7’ 

4R’ + r= 

+ .(,+(&)‘)-3 

r’ 6 
+ z-+3 

1 

for wm, ,911, 

~b”o,Cd = ~rpn:+$i+~ 
+$+--+ 1 -+- (3’) 
+ w-i) 

for ((ob),,g& and 

v,g&) = : + +&A:, + $i + + 

[ T-3h(l-(&)I) 
I ~~$),::i,,., 

(14) 

(15) 

(1’3) 
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The bag radius R is detcrmincd by rbr minirrtiziltion condition 6V/6R = 0 for 

given r. The e,Teclivc po’entieh are determined by tin V(R.r), which is called V(F) 

agnin. The cfT~ctivc potentials found in this way for wious color coulbinations are 

wmparcd with tbore for (5s): and (C’o): In order to obtain the spcclro. let us 

put the cfkctive potential into the Schrodinger equation for each case, then we have: 

- ‘2 
-$&r) + ;’ (Lr;J) )+(v) + V(r)+ = W(r) 

<(E-A'> = L(L+I)+j(j+l)-Zh (17) 

whcm i is the total orbit angular momentum and Tis the angular momentum of the 4 

gluon (j = 1 for the lowest TE mode). A is the dgcnvdue for the projection of the 

gluon’s ~ngdar momentum along the (.S-!+ or (Ob)L axis. 

L, fact,thcrc M two models to clurify thaie hybrid states. In the first model 

MT+ use the similarity for the states to those for diatonic molcculcd M what did in 

ref.[32]. WC neglect tbc spin-dcpcndcnt forces, thus the cncrgy lcvcls can be qzcXcd 

by the value of -C (L-T)’ > and the number of radial nodes of the WDYC function. 

The quantum numbers of ((S.?),g)- t t , 6 a es in c2.& level in this model arc exactly the 

s-e as th- for hybrid mew11 ((Qo)‘g):, which are already described in ref.[32] 

and WC will not repcat hur. But WC need to point out here that for ((Oa)tg)l, then 

is me very important diffcrcnw 1’1 namely when reducing two of coupled octets then 

two different octets will occur in the dccomporitc series 

a x $ = .L + 80 + 5 + Lo + ‘0’ + 2,7 (18) 

the qmmetric one 2 and the antisymmetric one @. Therefore, we have (Ob), 

and (Od),, they under the first order approximation degenerate, but have opposite 

charge “parity”. Ln the next -lion we shall see that (Ob), and (Od), have very 

diffcrcnt d-y modcs and in the last section WC will discuss the problem on degenerate 

removing. The rest quantum numbers of (Ob), and (Oo), axe the same e.z thaw 

of (5q. 

Following ref.(32] WC name the energy levels in the following way according to the 
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expectation Val”CS of < (i ,i)’ > 

2, lA, 2A. 3A,... 
<(i-jy >= 4, lB, 2B. 3l3,... (19) 

6, IC, zc, XT,... 

We do not know for sure if the above model is nppmprintc for (SSg): or (Oolg)& 

states and if thsc hybrid states arc not 60 similar to the diatomic moleades. In 

the - of the light diatomic molecule, the motion of the electrons are wry much 

restricted to the ax% of the two nuclei, 20 that it is better to introduce a coordinate 

system which is moving together with the two nudd. In contrary to this aspect, for 

hybrid atatcs the bag radia M much larger than the diatanca between S and S ( or 

0 and b ), cspe&lly for ((Ss)$g); (or ((Oo)Lg)r ) caz, the interaction of the two 

constituolts is attractive at &ort distances (Fig. 1). This m-6 (SS), (or (00):) 

is tdl concentrated ~CAI the center and the wsve function of the gluon is not much 

disturbed by the finite &x of (Ss): ( or (Od), ) wave function. Therefore, the 

(Ss), ( or (00): ) axis dors not play an important role for the gluon wave function. 

If the picture ir true not only due to the attractive force at short distances but also 

due to heavy rne~1scs of the constituents, then ((S.?)gg): ( or ((Oo)gg); ) states 

might be the case tea 

In the second model for the hybrid state classification it isreasamble to ~cisumc 

that the gluan inside the bag is free. 

The total wave function is simply the product of the (Ss), ( or (00): ) wave 

function ( with ia instead of < (z-2 > in eq.(17) and shifting zero point of enngy 

) and the free gluon wnve function. In this model the lowest state for (Ss) or (00) 

is simply IS state and next one is the 1P state and so on. Owing to < (E-T)’ >> 2 

for the TE model in the tint model, the (S.?): or (00): cannot be in an S state in 

the sense. Energy levels in two models arc compared in the following 



-14- FERMILAB-P+S?/SGT 

Note that the model 1 is constructed for hybrid system (FFg):, one glum hy- 

brids, and can not he applied to the states with two gluonr such as ((SS)gg); and 

((0b)gg): &,tly. The diatomic molecule-like model far two glum hybrid states 

has not been studied yet. However we think that we do not need such a model 60 far 

because probably the hybrids for their low lying states are more likely suitable to the 

second model. 

Each effective potcutial indudcr a term (PI @./r (the first term of eqa. 

(9). (12) - (16) ) and this term correspond to one glum exchange diagram. As 

discusred for &a the one glum exchange potential should not be ss singular as l/r 

but should be softened to l/(rlnr) due to high%rdu corrections. Thu. we replace 

one glum exchange term by Vu(r) defined in J&q, (5) alter a suitable change of the 

color factor due to (?, Tz) for different multipleta. 

In table 3 we rhovr spectra of the various hybrid rtatcr calculated in this way. 

Mostly WC uy the second model but only for (Ssg), and (009); states we sdd stata 

lA, lB, 1C following the first mcdd dassilication. Al cxpazted the level rplitings of 

the hybrid states are much less than those of onia (Ss), and (00): stata but still 

quite big for the low lying rtates of ((06)g); and ((Ss)g):. 
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Binding energies of hybrid rtata {M(hybrid) -ml - -1) (Ccl’) 

(a) (%%kl 9 

STATE 1(L+1) Ms=50 GeV 200 GeV 1000 GeV 

IS 0 - 2.692 - 6.795 -20.930 
I P=IA 2 - I .090 - 2.781 - 8.143 

18 4 - 0.735 - 2.028 - 5.856 
ID=l C 

iz 
- 0.534 - 1.656 - 4.755 

2s - 0.965 -2.591 - 7.640 
3s 
4s 0” 

- 0.336 - I .479 - 4.350 
- 0.053 - 0.936 - 2.945 

‘, 

(b) QJ&)s 9 
STATE 1u+I) MO = 50 GeV 200 GeV 1000 GeV 

IS 0 - I .697, - 4.542 - 14.290’ 
lP=lA 2 - 0.559 - I.761 - 5.476 

I6 
z 

- 0.293 - I .235 - 3.895 
I D=l C - 0.139 -0.971 - 3.132 

2s 0 - 0.455 - I .626 - 5.123 
3s 0 0.030 -0.836 - 2.845 
4s 0 0.338 -0.433 - 1 .87l 
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;C 1 - (O,O,),, 99 

STATE I (1+ I) Ms= 50 GeV 200 GeV 1000 GeV 

1s 0 1.552 I.517 1.496 

IP 2 I.601 1.541 ID 4 I .647 1.566 I: g; 
0 I .646 1.564 1.518 2s 

iii 
I .738 I.611 1.540 

3s 4s I .829 1.658 1.560 

:d) - (&o&7% 

STATE Lde+l) MS= 50 GeV 200 GeV 1000 GeV 

‘I s 0 1.826 1.807 1.7966 
IP 2 I.833 1.809 I .7970 

1.847 1.812 I 
1,903 I~;845 I 
1.979 I .883 1 
2.056 1.922 I 

.7976 

.8137 

.8307 
.8477 

(e) 
‘,&+I) MS = 50 GeV 200 GeV I IC , 

1; 0 2 I I .722 .732 I.701 1.704 I .690f 
. ,. 

I 
n 1 75n 1~709 I .IUV 

I.801 
I RR1 

1 

, .--. 
I .961 i.821 

-17- FERMILAB-Pub-87/56-T 

III. The decay properties of the or& and the hylx%ls 

In this section WC arc to &cuss the decay propcrtiw of the a& and the hybrids. 

If the lifetime of the ujnatitucnt fcrmions is wry short then the constitucut fcnmion 

decays UIC domirwit the decay mpccts of thconia and tlrc hybrids. How vcr, although 

the lifctimcof tbc exotic colored fermior~ is model dependent, gel~erJ&king, for 
my ‘exotica” thcrc &a&its at least one quantum nurnbcr which is wmcrvcd u&r 

%tmng” intuoctions, co that the tight-t of the exotics i&stable under the “atrang” 

intcractiotu and its d-y will be only due to “weak” interaction(s) which breaks the 

quantum number, mmdy the light es one among the exotic colored f&one with t 
nonzero v&c of the quantum number ir rrlativclyatnblc. Themfore in this mztion we 

will not discuss the decays due to the constituent directly, that meam the rcsultmt 

aspect obtained in the pep-z is suitable for thm &a and hybrids of the light-t 

exotic colored fermions. 

Although the oaia and hybrids always have zero value of the exotic quantq nun- 

bcr, due to the no- exotic quantum number of the constituents, the oaia and the 

hybridr decay into the urual glum(.) and/or quark(.) may occux only through an- 

nihilation (hidden exotic). Thur th e annihilation channels and the tranaitiom among 
the low lying states of the onia and the hybrids are substantial to d&r&x the &urn 

and the hybrid lifetime. We should notc~hcn for mat procascs the color interaction 

can be cmsidercd relatively weak dut to the coupling running. Namely, for most of 

the onia and the hybri&, the d-y ratea into &on(.) and/or u.urJ qusrkz may bc 

calculated based on the pertubativc QCD & anewark and we list the important dccayr 
and one glum emitting transitions m well w the related forrmlra in the following. 

A. The two glum decay channel 

The onia and the hybrids d-y into two gluonr is dacribcd by the Feymann diagram 

(Fig. 2) and the cmrcsponding decay rates are given by the following formullrr: 

r([ISo(SS);] - 29) = $3 IRWI' , (20) 

r((‘so(ob),] - 29) = 9% IR(O)l’ , (21) 
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C. The three gluon decay channel 

Theo&sod the hybridsdecay into threegluans is described by the Fcymann diagram 

(Fig. 4) and the corresponding decay rata are given by the following form&s: 

r ([‘P,(Sj.),] - 29) = F-$ IRyO)l’ ( (22) s 
r ([“P,(od,t] - 29) = y$ IR(O)l’ , 

I’ ([ls&S),] + 2.~) = $3 IR(O)l’ , 

r ([Isc,,(od),] - 29) = ;$ IW’)l , 

r([‘so,coo),] -29) = 0 > 

r ([‘S,(SSb] - 2s) = ss IJWI’ * 

r(['P,,(ob).,]-+29) = $5 IRWI' , 

r ([“P,, (od),] - 29) = 0 . 

w 

(24) 

(35) 

(26) 

(27) 

(28) 

(29) 

hem rns,rr~ M the nmsscs of S and 0 respectively, R(0) is the radial w&w function 

at origin and R’(0) is the compondiog derivative al the wave function. 

B. The quark pair decay channel 

The &a and the hybrids decay into quark pair is described by the Feymann diagram 

(fig. 3) nnd the cmaponding decay r&s are given by the Mlowing formulas: 

r([SS,.(SS).]-+ Qo) = $xPo"",'~~' IRP)l’ 9 (30) 

r ([J&, (Od),] - Q4) = $Jo~“~~~’ IR(O)l’ , (31) 

here mq is the mass of the quark Q.md antiquark q,& is the velocity of the quarks 

in C.M.S. (&, = 3). 

We should note here that due to the same mechnnirm m that for suppresring 

the neutral flavor change current, the dcrict contact clT.xtive interaction such u 

described by cq.(l) is very we.&, so that in the above eqs. (30) and (31) we ignored 

its contributions at all. 

r(["s,,(sS),]- 39) = ;(='-9)$ IR(o)l' , 

r(ps,,(od),] - 39) = 0 

(32) 

(33) 

D. The one gluon emittion channel 

The one glum emittim of hybrids is described by the Feymann dlaaram (Fig. ! 

and the corresponding decay rates are given by the following formulas: 

r (rs,,(oO),] --t [‘So@@] +g) = Ed+&)/’ s W 

r ([‘so.(oO)..] -+ ~S,,(Ob,r] +g) = 4d$lW’ . (35), 

r([‘so,(od),] 4 [IP&M)~] +g) = $WVdkN’ . (3) 

r(['p,,(od),] -+ ['S..(O@~]+~) = $G&lM4l’ I (37) 

r(ps,,(od),] -+ [‘P~,(o~)~] +g) = ~.~Ga.k”lMk)l’ . (33) 

r ([“P,,(o~)?,] + [)s,,(od):] +,) = +hk%(k)l’ 8 (39) 

here k ia the momcntm of the glum, IO(k) and It(k) sre the intcgdio- of the wme 

functions’ ovcrlapp$g: 

I.,(k) = Id7 7’ (R,(r)%(;)R(r)) . (40) 

and 

I,(k) = /d+,(+ R(r)) (41) 
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Due to Cl in the adjoint repracntaion of color, it is easy to cheek that the following 

processes aye forbidden, 

r ((ob), - (oQr+s) = 0 I 

I‘ ((OO), .-a (Ob)c +9) = 0 I 

(42) 

(43) 

r ((OO), - (00): +,) = 0 (44) 

For the - of (Ss) system there ir no such difkent states as (00) syatan tbc 

symmetric one !Z and the pntisymmctric one %, so thus is no such selection hula, 

they may have the pmccsscs (34)-(39) and the formulas M the shmc but the color 

factor C, should chugc into C, and here WC have Cl = 318 and Cz = S/12. 

If we put the values of the wave functions obtained in Sec.2 by solving the 

S&&dingcr equation with cancsponding &ectivc potentials for the onia and the 

hybrids into the .&xc fomulpr, the partial width may bc calculated immediately. 

IVc put the numbcrical results into the table 4. 
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TABLE 4 Typical theoretical values Of decay rates I” (He”) compupd by using 
the “CP. The results obtained by using the CDCP are very similar to 
exzse. Other decay rates can be CompYted simply by replacing the 
color tacror. 

4a, The 0%) system 

Ho me maIS Of the fermion) 50 Ge” 200 WV 1000 G& 

d. 0.1057 0.0**5 “.“745 

dP1.(cag,) I 
+ (1’s,.(q)+* 
+ &,.(06)1)+g 

3 - 
(1 P2,W).&) + 2% 

365 

0 

2.35 

74.0 

0 

182 

7.41 

21.3 

0.0884 

3.52 

2.49 

11.8 

0.0295 

16. I 

53.7 

0.534 

16.7 

53.7 

37.0 

1.27 

45.9 

0.682 
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TlRLE 43 (continurdl 

-__~ -~ 

-I 

j “8” $ Q6 

(z’sl.(OO)aa) 5 (1 1 sO.mO),)+~ - 

+ (13P2,(Ofi)lJ+g 

4 ds,,(oG),)+* 

(I'S,.vJ~),) +y+P 

dSo,(06),) ,y.+20 

3 8 8 

dso. (05) 1) , 8 20 

(1's,,(0~),r $ w+ w- 

, u+u- 
1 - (1 SO>~OU~8a~ + I + F, 

- (2 1 So*m0J8a) 3 1 0 
+ g 

- 
50 &” 200 Ge” 

0.877 0.957 

0.423 0.189 

25.5 13.6 

0.227 0.0636 

o.952x1o-3 0.0467 

0.00120 0.00768 

0 0.458 

0 Cl.0759 

0 9.64 

II 1.59 

3.02 5.33 

0.134 0.955 
Cl.00172 0.0101 

0.00217 0.0116 

1000 CC” 

1.61 

0.160 

11.8 

0.0321 

0.128 

0.0203 

1.39 

0.221 

26.4 

4.20 

11.8 

1.98 

0.163 

0.0259 

4b, The (SS) 5YStem 

Hq me rods* of the fermion) 50 Ge" 200 Ge" 1000 GCY 

(11So,G5)1) 4 2g 

dsl.Gs)l) + 38 

(13P2,(ss)1) + 28 

1 
(2 S,,.(SS),) •) 2g 

(2'S1, (S3),) + 3g 

(12s0,(s3)8) 

i 3 3 

+ &1*G3)1)+~ 

ulP1,(ss)l)+g 2g 

$ dsl,G3)l)+8 

( f “FT 3 90 

458 

4.87 

3.55 

90.9 

0.968 

0.00548 

11.6 

12.0 

0.0471 

5.cl5 

3.81 

6.66 

0.0157 

12rJ 

6.42 

3.15 

125 

1.11 

0.538x10-3 

6.72 

1.71 

0.00332 

7.64 

2.24 

0.982 

0.00111 

1400 

10.5 

3.62 

229 

1.71 

o.4zox1o-4 

5.85 

0.217 

o.966x1o-4 

14.5 

1.95 

0.121 

0. 322x1o-4 

-2% 

lF.sus 4b (rn”tinued) 

50 ce” 200 Gev 1000 Gev 

IAl, Is?) *I 
‘I 

+ &,.css,,,+4 
+ CA,, IS3 11 tg 

1 
+ 29 

(1%,,l55)*) , u3s,.GS)ll+g 

+ (23s1,qltg 

dso, IS3 .+ 
i 

+ IAl, e311tg 
+ &,.IS3,1~ 

I+ (Al. Is3 ,j+g 

(+ “g- + CG 

(Al, (ss) *I 

i 

+ (1’s,. (s3 ,I+9 

+ (AZ, lss)ll+9 

+ ds,. (3 II+9 

25.6 

59.7 

0.869 

25.6 

59.7 

0.00109 

1.79 

68.8 

1.16 

1.16 

0.596 

38.2 

0.388 

0 

o.oollo 

0 

0 

0 

0 

4.41 

0.979 
0 

0.00264 

21.6 29.2 

32.4 27.6 

0.771. 0.887 

21.6 29.2 

32.4 27.6 

o.936xlo-4 0.683x10-5 

0.912 0.810 

38.9 35.6 

0.362 0.196 

1.37 2.47 

0.304 0.270 

21.6 19.8 

0.121 0.0652 

0.0486 0.132 

0.00797 0.0207 

0.476 1.44 

0.0787 0.226 

10.0 27.4 

1.65 4.29 

7.82 17.4 

1.37 2.93 
0.0982 0.225 

0.0161 0.0352 



-24- 
FERMILAB-Pub-87/56-T 

r;dtl\ 
WC should note hcrc that the two gluon decay of color-singlet 1% state is about ‘1 

several hundreds hleV. This is luger than that for gluinonium. This diffcrcnce cornez 

mainly from the hlajorana futor 112, which should be involved for the gluinonium 

-e, The ‘S, stata for by :I, (Od): and (S.?)- , me rather oarrow. In addition, 

since the bound stata of the < :~:.,rn (06)t (or (S.?),) arc much lighter than thorc 

of the hybrids c.~.((Od)~s)- I, (@),&), the hybrid states fall into the cone- 

spending &urn states by emitting one gluon will have a presicc nonzero possibility, 

thus WC expect D rich monochmmatic gluon spectrum. It is also due to such tram.- 

tiau that many of hybrid IcvcIs become bread while the lower &urn lcvcls remain 

comparatively nnrrow. 

Uaving the glum and the quark decay formula, it is easy to obtain the production 

cross extion form& for hadron collider through gluon fustian or quuk annihilation. 

WC till dism~s this in detail &where. Here WC only point out that the production 

~06s sectiona are certaii#quitc big, cap&ally, thmugh the inverse pr-s of ‘So decay 

into two gluon.5, two gluon fusion mechaaism. 

If the exotic fcrmiona carry dectric charge and/or form one extra weak doublet, 

then the oaia and the hybrid6 may decay into photon(s) and/or intcrmidiatc boson(6) 

W and 2 if its mass f& abqye the threshold, otherwise decay into virtual W or 

Z .w usual weak P-decay. Since the clectrowcak properties of the exotic calorcd 

fermionr M modeI dependent we just write down the possible decay formulas with 

some parameters, which need to be determined by a specific model. 

i) For the onia, we have: 

a). The two photon decay 

r [OE’ ((00); or (SS)J -4 271 = 4Ba’Q4q$ , (45) 

here O-+ means J’, Q the charge (in tit e) of the can&&s (0 or S) and M = 2mo 
or 2ms, E = 8 or 6 for (O@t or (Ss)- , respectively, a is the constant of line structure. 

b). The photon and Z0 decay 

r [OE’ ((O$ or (SS):) - 1+ Z”] = ,;;,;:;y:, 

(~~,-Q~in’8.).~(1-~)‘, 
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here T,-the WC& &spin is I ads. &-the weinberga angle. 

c). The two Z0 decay 

I- [Oi’ ((Ob), or : (q-* zv] = ring$o, 

(:T: - T&din’& + Q’&n’O,)’ F 

4m: 
. 1-F 

( > 

t (I@ - m:)(hP - 3m:) 
(W-an:) ’ 

6). The W-W+ pair decay 

Q=B IWW r [OE+ ((00): or (SS),) -+ w+w-] = sy 

(W-3m:)(hP---mt) 
(W - snap 

(47) 

(48) 

ii) For the hybrids, WC have: 

a). The photon and gluon decay 

IfWl r [OE+ ((oO), 0r (SQL) -* ‘I + 91 = W’C-.~& . (49) 

here B, = 3 for (Ob),, B. = ; for (Ss),. 

b). The p and gluon docay 

r [oi+ ((ob), 0~ (S.9,) - p + pl = 8.;,ps$;q, 

(~,-Q*in’9w)a*(I-$)L (59) 

Here we rat&t ours&a to consider J PC = o-+ only M some uamples, 60 M to 

have some idea on these decays. 

(46) 
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IV. Stmmary 

According to our discu66ions and the numerical results, we would empbacize DRY- 

crnl pointr hcrc 

l,‘irst of all it is cary to SK that 011 exotic colored fennioo and nntifcrntion system 

has plentiful bound stata, in addition to its onium. It has ~vcral scrics of hybrids 

ka~w the exotic fermion isrhi h d g cmcnrioo rcprescntatianof color. For example, for 

(00 .~s--havc~o~-, ((O~),,dr, W’$++, ((O@,.gg)~s (P@+d, 

and ((O@f,s&. lo this P”F we ~scus~ ((06),,gdt, ((O@+w).: -d 

((O+,w), 1-a th- ((O&d, m d ((06),,g)t. Ho~evcr, for the usual quark 

-antiqunrk syskm, WC have only two, one odium and one hybrid ((q~):,g). Ikre not 

only in the oniuo but also in 6ome hybrids e.g.(OO)F,(OO),, the interactions be 

taacn the two constituents we attractive even at short distanus (see Fig l.), so that 

there M sane states whew binding energies are negative (relatively &e). Thus we 

have more -os to cxpcct dear experimental evidence for the spectra of (Oa), 

and (Oo), = w dl rs those for its onion will be observed if the Cxoticcolored fermiour 

do exist. 

Owing to the heavy mazes of the erotic colored Itions, the exotic fermions in 

hybrids M locakd at the center of the bag essentially and the hybrid bag is closed to a 

sphere for low lying states, .zspccially for those kind. of hybrids ea (Od),, (Oa), sod 

(Ss)! with attractive,interaction in whole range. Thin is consistent with the starting 

point that, for simpb, WC ignored the bag deformation when we compute4 the hybrid .p.. 

d&&w ptcntial. Although we &o computed some stake with the moleculax-like 

mcdd in section 2, the sphtical modd should be considered to be aor.= wdizable, 

and the calcuIations on those kinds of hybrids M (Od),,(Ob), and (ST): for low 

lyillg state M more convincing. 

The (06) system bar some interesting aspects. Being in e.o octet for the ox- 

stitucnt fermion 0, the gauged coupling of it to gluon is antisymmctric (adjoin rep 

racntation) M) that (Ob),Jw = I-- state can ad decay ioto 3 gluons under lirst 

order approximation.‘. Hence the (00): Jpc = I-- will have longer lifctimc than 

that of (SS), Jpc = I--. blareover, there ax two 6cri.x (Od), and (Od), hybrids 

sod uodcr the lowest order npproximation they are dcgcneratcd but their decay bc 

havior is quite different as painted in Scc.3. So in principle this point might be used 

to identify the cnlor multiplct as M octet, but WC should note that if higher order 

corrections me considered the degeneration of (Od), and (Od), will be removed, 

for uamplc. by considering self energy splitting due to gluon(s) annihilation, owing 

to that (Oa), starts with two gluon annihilation but (Od), with one, then the de. 

generation must be melted. If high CT order cmmctions are considcrcd, not only the 

degeneration till be melted but also some new phenomena till occur, for example, 

the energy level splitting upto fine and hype&c structures hs well as posriblc mixing 

among the states etc,. All of these we have not touched in this paper, although these 

may make some changes on the spectra and various transitions, we will 

discuss these elsewhere. 
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Figure Captions 
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Fig. 1: The cfGxtivc pohtidr between the ca,~tituc,,tr fcrmiou ud antilerrnion 

in onia and hybrids 

Fig. 2: The lowest order diagram of the two gluon decay channel far onia and 

hybrids. 

Fig. 3: The lowest order diagram of the quark pair decay chlrnnel for onia and 

hybrids. 

Fig. 4: The lowcat order diagram of the tbrz gluon d-y channel for onia and 

hybrids. 

Fig. 5: The lowest order diagram of the emitting one gluon channel between a 

hybrid and LL onium. 
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